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13. A method for augmenting at least one physical catalyst in a chemical reaction comprising the 
steps of: 

a) determining at least one frequency selected from the group of frequencies consisting 
of (a) at least one frequency of a duplicated electromagnetic pattern of said at least one physical 
catalyst, (b) at least one harmonic frequency of an electromagnetic pattern of said at least one 
physical catalyst and (c) at least one frequency which copies at least one mechanism of action of 
said at least one physical catalyst ; and 

b) exposing said chemical reaction system to said at least frequency from said group of 
frequencies, said exposing being sufficient to augment said at least one physical catalyst. 

The pending independent claims broadly recite: 

1. Determining; 

2. Duplicating; and 

3. Exposing. 

Determining an electromagnetic spectral pattern (claim 1) or determining the claimed at 
least one frequency (claim 13) can both utilize the spectroscopy techniques disclosed in the 
present specification at pages 11-16. Specifically, pages 1 1-16 of the present specification 
describe in detail various methods of spectroscopy well known to those of ordinary skill in the 
art. These methods include absorption and emission spectra as well as, for example, microwave 
spectroscopy, radio spectroscopy and Raman spectroscopy. While some of the disclosed 
spectroscopy techniques are distinct from absorption or emission spectroscopy, all of these 
techniques are well known. However, the claimed determining of at least a portion of the 
spectral pattern of a physical catalyst is not disclosed or suggested by the prior art. The 
Action alleges that some "special" pattern is used. This simply is not the case. The spectral 
patterns utilized are ordinary spectroscopy patterns known to the art. 

The claimed duplicating (e.g., claim 1) of at least one determined frequency of a 
physical catalyst is required in order to achieve the claimed augmenting of a physical catalyst 
(e.g., these claims recite the presence of a physical catalyst and at least one frequency of a 
physical catalyst which are determined by the discussed spectroscopy techniques). 



2 



Further, the claimed exposing of the reaction system to at least one frequency of the 
spectral pattern is one of the important steps in achieving the claimed augmenting. 

These claimed steps are straightforward and well supported by the present specification. 
Applicants recognize that these concepts are new to the Examiner because no one ever before 
understood these important aspects of catalysis. The Action refers to "the well established field 
of kinetics" and recognizes that the field of kinetics has not resolved how catalysis occurs on the 
atomic and molecular levels. Applicants respectfully suggest that the present invention fills in 
some of those holes. Further, applicants hereby attach two Articles from Science ,Volume 302, 
pp 70-71 and 98-100 which seem to support some of applicants' assertions. These related 
articles state, for example, at page 98, the end of the first full paragraph of the bottom article: 

"Despite intense effort, there is still no atomic-scale picture of the dynamics 
of this important gas-surface reaction." 

Further, at page 71, the bottom of the top middle section, the following appears: 

"The results provide unambiguous evidence that the theoretical assumptions 
underlying the statistical model are incorrect, thus paving the way for mode- 
selective catalysis." 

The reference to the above-mentioned "statistical model" is referring to the well established field 
of kinetics. The articles support Applicants' contentions that catalysis is much more than merely 
kinetics and involves frequency specific interactions, thus suggesting the accuracy of applicants' 
contentions and claims. 

Moreover, the reference in the Action to "photochemistry" is misplaced. Applicants were 
well aware of photochemistry techniques at the time of filing this application (e.g., see the 
present specification at page 4 lines 1-12). However, the field of photochemistry by itself does 
not make any reference to the importance of the claimed features of the pending claims. 

Further, the Action at the top of page 4 questions the efficacy of the Examples. 
Applicants direct the attention of the Examiner to Example 5 at page 27, line 15 - page 28, line 
6. This Example discusses the augmenting of a physical catalyst. For example, page 27, lines 
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27-30 discuss augmenting physical platinum catalyst with the spectral catalyst platinum emitted 
from hollow cathode platinum lamps (Fisher Scientific). These lamps emitted the spectral 
pattern of platinum which is the known catalyst for the reaction. Thus, the reaction system 
comprising hydrogen and oxygen gasses and physical platinum catalyst was exposed to the 
spectral pattern of platinum. This exposure resulted in "a mean increase in reaction rate of 
approximately 60%" (page 28, lines 3-6). 

Claims 1-4 and 7-15 stand rejected under Section 103(a). This rejection is also 
respectfully traversed. 

The combined references are combined from hindsight alone. The first set of four 
references beginning with Gdowski et al, relate to the field of surface chemistry. The second set 
of two references to Volman are related to ordinary photochemistry. The final reference to 
Sansonetti comprises calibration data for the Hubble Space Telescope. There simply is no 
motivation to combine these references absent Applicants' own teachings. Specifically, these set 
of references alone or in combination do not disclose or suggest the claimed determining, 
duplicating and exposing to achieve the claimed augmenting of a physical catalyst. The prior 
art simply does not recognize the importance of these claimed features 

Applicant respectfully requests a favorable action on the merits of the Application. 
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Assembly kit for metal-molecule junctions. (Left) The two bright ovals in this 49 A by 49 A STM 

image each consists of a chain of three Au atoms, which have been assembled atom by atom with 
an STM tip on NiAl(110). The end atoms of the chains are separated by five lattice constants. 
(Center) A CuPc molecule is moved toward the chains and snaps into position between the ends of 
the Au chains. The STM contrast of Au atoms bound to the CuPc differs from that of the more dis- 
tant Au atoms. (Right) Ball-and-stick diagram of CuPc bound to the Au chains. The spacing of the 
chain ends allows the molecule to form strong bonds with the Au atoms at the end of the chains. 



adsorbed copper phthalocyanine (CuPc) 
molecules (6). The atomic corrugation of the 
(110) surface ensures that the Au atoms are 
aligned in straight chains and that a single 
CuPc molecule snaps into the position corre- 
sponding to its most favorable bonding site. 

The authors used a STM tip to form two 
lines of Au atoms with a separation of three 
to six lattice constants. They then posi- 
tioned a CuPc molecule between the two 
lines of Au atoms. The tightest binding and 
best electronic overlap occurred when the 
CuPc was placed between Au lines with a 
spacing of five lattice constants (see the fig- 
ure). The CuPc molecule has a symmetric 
cross shape. It fits snuggly into the five-lat- 
tice constant gap between the two Au lines, 
with one of the axes of the CuPc bridging 
the Au-Au junction. This final assembly is a 
perfectly ordered metal-molecule-metal 
junction of known atomic structure. 

By imaging the spatial distribution of the 
electronic density of states in the junction, the 
authors were able to detenriine how the mo- 
lecular orbitals spanned the metal-molecule- 
metal junction. In addition, they used scan- 
ning tunneling spectroscopy to determine the 
electronic structure of the Au chains as the 
chain lengths were increased from one to six 
atoms. Upon bonding to CuPc, the electronic 
•state of the first Au atom in each of the two 
chains is altered, changing its interactions 
with the rest of the Au chain. The bonding of 

CHEMISTRY 



When an atom and a molecule en- 
counter each other in the gas 
phase, vibrational excitation of 
the molecule along the reaction coordinate 
generally increases the reactivity substan- 
tially. When the reacting molecule has sev- 
eral different chemical bonds, vibrational 
excitation of a specific bond can be used to 
control the reaction outcome (7). On page 
98 of this issue, Beck et al (2) pave the 
way for extending such bond-selective 
chemistry from gas-phase to surface-cat- 
alyzed reactions. 

There are two principal requirements 
for bond-selective, chemistry: a means to 
excite a specific bond (or local mode), and 
localization of the energy in this bond until 
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the CuPc to the first Au atom on each end of 
the two chains is so strong that these Au 
atoms become part of an "extended" CuPc 
molecule. By systematically appending indi- 
vidual atoms to the chains, Nazin et al could 
tune the energies of the chain states to those 
of the extended molecule. 

The formation of the "extended" mole- 
cule changes the degree of coupling be- 
tween the molecular and metal states and 
thus the conductivity of the junction. This 
coupling between the molecule and metal 
states is critical for understanding metal- 
molecule-metal junctions in the nascent 
field of molecular electronics. 



reaction occurs. The first condition is usu- 
ally met by laser excitation of a local mode. 
The second requires that the internal vibra- 
tional redistribution rate is slow relative to 
the reaction rate. 

Both conditions can often be met for 
fast direct gas-phase reactions (7), but it 
has been unclear whether the second con- 
dition can be satisfied for the activated dis- 
sociation of molecules at a gas-surface in- 
terface. These reactions are the rate-limit- 
ing steps in many technologically (and eco- 
nomically) important heterogeneous cat- 
alytic processes. Beck et al (2) unequivo- 
cally answer this question in the affirma- 
tive by measuring the activated dissocia- 
tion of methane (CH 4 ) prepared in different 
vibrational modes on a Ni(100) surface. 

Surface scientists have tried for decades 
to understand the activated dissociation of 
CH4 on transition metal surfaces. The reac- 
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tion has attracted so much interest because 
CH4 dissociative adsorption on a supported 
Ni catalyst limits the rate of the industrially 
important steam refonning process [which 
converts natural gas to a mixture of CO and 
H 2 ("syn gas")]. A detailed microscopic un- 
derstanding of this step may lead to a better 
catalyst. However, the activated dissociation 
of CH4 on a metal surface is such a complex 
multidimensional dynamical process that 
the microscopic description of this process 
remains controversial (5). 

There are two main competing views of 
this process. One is that activated dissocia- 
tion is a direct dynamical process, much 
like that in a direct gas-phase bimolecular 
reaction. The challenge then is to reduce the 
dimensionality of the dynamical treatment 
to the essential features (3). The other view 
is that activated dissociation is a purely sta- 
tistical process (4). This is also a well- 
known mechanism for gas-phase reactions, 
but only when long-lived collision com- 
plexes are formed so that the energy is ran- 
domized in the collision complex before re- 
action. The statistical picture greatly sim- 
plifies the description of the reaction dy- 
namics. Both experiment and theory pro- 
vide evidence that the CHt-surface colli- 
sion complex is short-lived (about 10" 13 s), 



Toward Vibrational 
Mode Control in Catalysis 
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and the justification for such a 
mechanism is therefore based on the 
high dimensionality of the CH 4 -sur- 
face collision complex. In this case, 
it is suggested that the high density 
. of states makes the internal vibra- 
tional redistribution fast compared 
to the short collision lifetime. 

Numerous molecular beam stud- 
ies of activated CH 4 dissociation on 
transition metal surfaces have shown 
a strong and interrelated dependence 
of the dissociation probability on 
initial CH4 translational energy, CH 4 
vibrational temperature, and surface 
temperature [e.g., (5)1 These exper- 
imental data can be fit both to dy- 
namical (6) and statistical (4) mod- 
els. Hence, "fits" to a model are not 
by themselves sufficient to test the 
underlying theoretical assumptions. 

However, the two opposing views of ac- 
tivated dissociation predict an entirely dif- 
ferent vibrational mode-specific behavior. 
The statistical mechanism depends only on 
the total energy of the collision complex 
and does not allow any mode-specific be- 
havior. In contrast, the dynamical mecha- 
nism does allow mode-specific behavior if 
the different vibrational modes have differ- 
ent projections onto the reaction coordi- 
nate, especially in the region of the barrier. 
Ab initio electron structure calculations for 
CH4 dissociation on a nickel surface show 
that the reaction coordinate at the transition 
state is dominated by extension of a single 
C-H bond, which is broken during the 
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Excitation with a difference. Schematic representation 
of two different local vibrational modes, |20> and 1 1 1), of 
CH 2 D 2 near the transition state for dissociation on a 
Ni{100) surface. The Ni surface atoms are connected by 
springs to emphasize that the reaction also involves a 
substantial lattice distortion at the transition state and 
energy transfer with the lattice. 



course of the dissociative adsorption (7). 

Beck et al compare the dissociation 
probabilities for two different vibrational 
states of CH 2 D 2 at nearly the same energy: 
|20) has two quanta of excitation localized 
in a single C-H bond, whereas |1 1) has the 
two quanta of excitation localized in two 
different C-H bonds. For the optimal ori- 
entation of the molecule's collision with 
the surface, these modes have different 
projections onto the reaction coordinate in 
the region of the transition state (see the 
figure), and thus different reactivities. The 
results provide unambiguous evidence that 
the theoretical assumptions underlying the 
statistical model are incorrect, thus paving 
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Perspectives 

the way for mode-selective catalysis. 

The application of laser mode excitation 
to activated dissociation at surfaces, pio- 
neered by Beck et al and others (<?, V), is 
still in its infancy Further studies of differ- 
ent modes in systems such as CH 4 /Ni(100) 
should allow far more sophisticated dy- 
namical questions to be probed in detail. 
For example, what are the roles of bending 
and stretching vibrations in the activation? 
How nonstatistical are the dynamics? Are 
the complex dynamics best described as 
a multidimensional dynamical problem or 
as a dynamically constrained statistical 
process (70)? 

The results reported by Beck et al 
should stimulate ab initio theorists to tack- 
le this challenging problem, much as has 
been done for the similar but simpler prob- 
lem of H 2 dissociation on metal surfaces 
(77). We should then be able to assess 
properly the viability of vibrational state 
control in heterogeneous catalysis. 
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Hormones and 
the Green Revolution 



Francesco Salamini 



In his famous 1840 manifesto, Justus 
Liebig advocated a more rational ap- 
proach to agronomic research. He pro- 
posed, integrating physiological and chem- 
ical principles to improve the yield of crop 
plants. However, it 
Enhanced online at was not until after 

www.sciencemag.org/cgi/ World War II that 
content/full/302/5642/71 agronomists, search- 
ing for better herbi- 
cides and insecticides (/), took a rational 
approach to boosting crop yields. The cre- 
ation of genetically improved crop vari- 
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eties, in particular dwarf cultivars of wheat 
and rice (see the figure), resulted in the 
doubling of food grain production within a 
few decades, a success dubbed the green 
revolution (2). The short stature and sturdy 
stalks of the dwarf varieties of wheat and 
rice rendered them resistant to flattening 
by wind, rain, or high densities (lodging) 
and more effective in converting fertilizer 
input into higher yields. For example, short 
semi-dwarf wheat varieties exhibit a 100% 
greater yield than earlier, taller cultivars 
(3). The genes responsible for the rice and 
wheat green revolution dwarf varieties 
have been identified. They encode proteins 
that either regulate synthesis of the plant 
growth hormone gibberellin or modulate 



its signaling pathway. On page 81 of this 
issue, Multani et al (4) identify a new 
mechanism controlling plant height in 
maize and sorghum dwarf mutants of agro- 
nomic importance. They show that the mu- 
tant gene in the brachytic2 (br2) maize mu- 
tant and the dwarO (dw3) sorghum mutant 
encodes a protein responsible for the trans- 
port of auxin, the first plant growth hor- 
mone to be discovered. 

A rational approach to improving crop 
varieties depends on a better understanding 
of plant biology. Of the tens of thousands 
of genes in plant genomes, one needs to 
know not only which genes control com- 
plex traits like size or yield but also how 
these genes limit successful plant-breeding 
programs. There are several strategies for 
elucidating how genes affect the pheno- 
types of plants. One approach is to analyze 
quantitative trait loci (QTL), which reveal 
allelic variations that can be exploited in 
plant breeding (5). Another approach is to 
screen plant genomes for a genetic signa- 
ture, which indicates strong selection for a 
specific set of genes that generates modi- 
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croscope. - Longer " modulated waveguides 
with shorter modulation periods should sig- 
nificantly enhance the signal for several rea- 
sons. First, m = 1 QPM should become 
possible by using shorter periods. Second, the 
2.5-cm modulated waveguide length corre- 
sponds to only 0.3 absorption depths in Ne at 
284 eV. Previous theoretical studies have 
t indicated that 5 to 10 absorption depths are 
ideal for generating a maximum signal (32). 
t Furthermore, because the highest HHG pho- 
ton energy scales linearly with laser intensity, 
using very reasonable laser parameters (i.e., 
pulse width -10 fs, intensities -5 X 10 15 W 
cm" 2 ) and waveguides with 0.1 mm period- 
icity, we should be able to generate high- 
order quasi-phase-matched light at photon 
energies approaching 1 keV. 
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Vibrational Mode-Specific 
Reaction of Methane on a 
Nickel Surface 

Rainer D. Beck,* Plinio Maroni, Dimitrios C. Papageorgopoulos, 
Tung T. Dang, Mathieu P. Schmid, Thomas R. Rizzo 

The dissociation of methane on a nickel catalyst is a key step in steam reforming 
of natural gas for hydrogen production. Despite substantial effort in both 
experiment and theory, there is still no atomic-scale description of this im- 
portant gas-surface reaction. We report quantum state-resolved studies, using 
pulsed laser and molecular beam techniques, of vibrationally excited methane 
reacting on the nickel (100) surface. For doubly deuterated methane (CD 2 H 2 ), 
we observed that the reaction probability with two quanta of excitation in one 
C-H bond was greater (by as much as a factor of 5) than with one quantum in 
each of two C-H bonds. These results clearly exclude the possibility of statistical 
models correctly describing the mechanism of this process and attest to the 
importance of full-dimensional calculations of the reaction dynamics. 



The reaction of methane on a nickel catalyst to 
form surface-bound methyl and hydrogen is the 
rate-limiting step in steam reforming, which is 
the principal process for industrial hydrogen 
production as well as the starting point for the 
large-scale synthesis of many important chem- 
icals such as ammonia, methanol, and higher 
hydrocarbons (1). Because of its importance, 
the dissociation of methane on nickel has been 
considered a prototype for chemical bond for- 
mation between a polyatomic molecule and a 
solid surface, with many experimental and the- 
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oretical studies directed at elucidating its mech- 
anism (2-14). In view of the enormous eco- 
nomic importance of this process (15), it would 
be desirable to have a reliable theoretical de- 
scription that could guide the development of 
improved catalysts (2, 3). Despite intense effort, 
there is still no atomic-scale picture of the dy- 
namics of this important gas-surface reaction. 

Molecular beam experiments (4-6) have 
firmly established that methane chemisorp- 
tion is a direct process that can be activated 
with about equal efficiency by both incident 
kinetic energy normal to the surface and ther- 
mal vibrational energy of the incident meth- 
ane. State-resolved reactivity measurements 
that used laser excitation of the asymmetric 
stretch fundamental vibration (v 3 ) (7) and 
first overtone (2v 3 ) (8) of CH 4 incident on 



Ni(100) have confirmed the notion that vibra- 
tional energy is similar to translational exci- 
tation in its efficiency in promoting this re- 
action. Theoretical treatments of methane 
chemisorption have included wave packet 
simulations with up to nine vibrational de- 
grees of freedom (9), reduced-dimensionality 
dynamical models with only a single C-H 
stretch vibration (10-12), and a greatly sim- 
plified statistical model (13). Despite having 
diametrically opposed presuppositions, both 
dynamical and statistical approaches claim to 
reproduce existing experimental data (10, 
16), although they make different predictions 
about the role of methane vibrational excita- 
tion in promoting the reaction. Some dynam- 
ical calculations suggest that the reactivity of 
vibrationally excited methane on nickel 
should depend on the precise nature of the 
vibrational mode (9, 17), whereas statistical 
models predict the complete absence of such 
effects (16). Although the reverse process — 
the associative desorption of methane from 
transition metal surfaces — seems to deviate 
somewhat from a purely statistical model (18, 
19), the experimental results reported thus far 
do not exclude either approach, because there 
is no reported evidence for mode specificity 
in the surface reaction of methane. 

In contrast, mode-specific reactivity of 
methane in the gas phase has been observed, 
Yoon et dl. (20) have found that when meth- 
ane is excited to the symmetric stretch-bend 
combination v x + v 4 , it is more reactive with 
atomic chlorine (by a factor of 1 .9) than when 
it is promoted to the nearly isoenergetic an- 
tisymmetric combination v 3 + v 4 . In a simi- 
lar study, Kim et al. (21) observed that the 
product state distribution for the reaction of 
CD 2 H2 with chlorine depends on the initially 
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prepared reactant vibrational state. Two 
states with similar energy but different C-H 
bond stretching amplitudes produce a CD 2 H 
methyl fragment in completely different vi- 
brational states. Both studies show that vibra- 
tional energy put into specific modes of 
methane is not redistributed internally by the 
9 reactive encounter, but instead contributes in 
a mode-specific way to promoting the chem- 
ical reaction. It remains unknown whether 
similar nonstatistical dynamics would occur 
in the encounter of a gas-phase molecule with 
a solid surface. 

To test for vibrational mode-specific be- 
havior in gas-surface reactions, we performed 
quantum state-resolved measurements in a 
molecular beam surface science apparatus, 
using pulsed laser preparation of vibra- 
tionally excited methane molecules incident 
on a Ni(100) single-crystal surface (22). Fig- 
ure 1 shows a schematic illustration of our 
experiment. After a deposition time adjusted 
to produce a surface coverage of about 5% of 



a monolayer (ML), the products of the disso- 
ciative chemisorption of methane were de- 
tected as surface-bound carbon by Auger 
electron spectroscopy. We quantify the 
amount of deposited carbon by recording C 
and Ni Auger spectra in a line scan across the 
surface and calibrate it by comparison with 
the C/Ni Auger ratio for a known 0.5-ML 
saturation coverage obtained by extended ex- 
posure to a high-energy beam of methane. 
We use the doubly deuterated isotopomer of 
methane (CD 2 H 2 ) rather than CH 4 for these 
experiments because of its spectroscopic 
properties (23). In CD 2 H 2 , combinations of 
the two infrared (IR) active C-H stretch fun- 
damentals (v, and v 6 ) form nearly isoener- 
getic states with comparable absorption 
strength but different nuclear motion, labeled 
|20> and 1 11) in local mode notation (24). 

CD 2 H 2 in the molecular beam was excited 
into either the |20> or the |ll> C-H stretch local 
mode state (25). A comparison of the surface 
carbon Auger signals for incident CD 2 H 2 excit- 
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Fig. 2. Surface carbon Auger signal for 
identical doses of CD 2 H 2 excited to 
the |20> and |11> vibrational states 
incident on a Ni(100) surface at kinet- 
ic energy of 41 kj/mol. The dotted line 
indicates the background level of car- 
bon accumulated during the deposi- 
tion and analysis time. 



2.0 



-1.5- 



'1.0 



? 0.5 



|20> excited 



|11> excited 
•••• • 



••• 



0.0 



-2 



-1 0 1 
Crystal position [mm] 



-6 § 

(0 

4 3 

(Q 
(D 

I- 3 3 

3 

f to 

*< 
0 £ 



Reports 

ed to these two states is shown in Fig. 2. To 
obtain these data, we directed a molecular beam 
containing 20% CD 2 H 2 in H 2 at normal inci- 
dence for 15 min at two different positions on 
the initially clean Ni(100) surface. For the first 
deposition (left-hand peak), the |20) state of 
CD 2 H 2 with one unit of angular momentum 
(J= 1) was excited by 120-mJ pulses from an 
IR laser tuned to the A / = 0 transition at 
5879.8 cm" 1 , and for the second deposition 
(right-hand peak), the J = 1 level of the |ll) 
state was prepared using the same IR pulse 
energy to excite the corresponding transition at 
6000.2 cm -1 . We used cavity ring down spec- 
troscopy (CRDS) (26) in a separate free-jet 
expansion to ensure that the excitation laser 
remained resonant with the selected transition 
throughout the deposition. CRDS was also used 
to determine an upper limit for the rotational 
temperature of 9 K for the CD 2 H 2 in the beam 
and to measure the absolute transition strength. 
Although the transition we used to prepare the 
|20) level is weaker than that used to excite the 
|11) level by a factor of 1.5 ± 0.1, the former 
leads to a carbon signal at least three times as 
large, indicating clear mode-specific behavior. 
Control experiments such as reversing the order 
and surface location of the deposition did not 
change the result. Experiments under identical 
beam conditions but without laser excitation 
showed no detectable carbon signal above the 
background. To measure the reactivity of the 
unexcited methane beam, we increased the flux 
by a- factor of 80 and used a deposition time of 
up to 110 min. Our laser-off measurements 
represent only an upper limit for the reactivity 
of CD 2 H 2 in the vibrational ground state be- 
cause of a small fraction of thermally ex- 
cited CD 2 H 2 in the molecular beam. Both 
laser-on and laser-off measurements were 
made for a series of incident kinetic energies. 
At each energy, the experiment was repeated 
up to 10 times. Figure 3 shows the state- 
resolved sticking coefficients for CD 2 H 2 de- 
termined from these measurements. 




40 50 60 70 80 

Normal kinetic energy (kJ/mol) 

Fig. 3. State-resolved sticking coefficients for 
CD 2 H 2 in (from top to bottom) the |20) {♦), 
|11> (•), and ground (■) vibrational states on 
Ni(100) as a function of incident kinetic energy 
normal to the surface. The surface temperature 
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At 41 kJ/mol, the lowest incident kinetic 
energy investigated so far, we find that CD 2 H 2 
is 5.4 times as reactive when promoted to the 
|20) state relative to the |l 1) state. The reactivity 
for both states is enhanced by several orders of 
magnitude with respect to incident molecules in 
the ground vibrational state with the same ki- 
netic energy. The relative reactivity of the |20) 
t and |l 1) states decreases with increasing kinetic 
energy, reaching a factor of 2 at a kinetic energy 
of 80 kJ/mol. At still higher kinetic energy we 
observe a continuation of this trend, although an 
accurate determination of the absolute reactivi- 
ty becomes increasingly difficult as a result of 
the higher reactivity of the ground-state mole- 
cules. This decrease in mode specificity is like- 
ly due to the increase of the total amount of 
available energy relative to the reaction barrier. 
As the reaction probability approaches its as- 
ymptotic value, the difference between the two 
vibrational modes is expected to decrease. On 
the other hand, the mode selectivity should be 
even larger at lower kinetic energy. 

The increased reactivity of the |20> level 
relative to 1 1 1) can be rationalized in terms of 
their different vibrational amplitudes: The 
former contains two quanta of stretch vibra- 
tion in a single C-H bond, whereas the latter 
contains one quantum in each of two C-H 
bonds. In the gas-phase reaction of CD 2 H 2 
. wkh chlorine, the product state distributions 
observed by Kim et al. (21) confirm this local 
mode description by demonstrating that one 
of the two bonds acts as a spectator during the 
reaction. The same description also rational- 
izes our observation of higher reactivity of 
the 1 20) state in terms of the larger vibrational 
amplitude along the C-H bond relative to 
|l 1). This difference in reactivity implies that 
the C-H bond stretch has a substantial pro- 
jection on the reaction coordinate, in agree- 
ment with ab initio calculations of the transi- 
tion-state structure (27). 

Our observation of vibrational mode- 
specific gas-surface reactivity has important 
implications for theoretical treatments of this 
process. Mode-specific reactivity is inconsis- 
tent with the existence of a transient phy- 
sisorbed complex, as has been suggested in 
the statistical model proposed by Harrison 
(13). His model assumes complete intramo- 
lecular redistribution of the initial vibrational 
energy in methane as it transiently resides in 
a local "hot spot" and weakly interacts with a 
limited number of surface atoms, and it de- 
termines rates for desorption and dissociation 
according to microcanonical rate theory. As a 
result, it predicts a reactivity that scales only 
with the total available energy independent of 
vibrational mode, which is inconsistent with 
our experimental results. In contrast to the 
assumptions of this (or any) statistical model, 
our observation that CH 2 D 2 retains a clear 
memory of the initially prepared quantum 
state indicates that its interaction with the 



metal surface does not induce extensive in- 
tramolecular energy redistribution before the 
reaction occurs. 

In addition to excluding statistical as- 
sumptions, the observation of mode speci- 
ficity in the reaction probability provides 
guidance for dynamical models. It suggests 
that a realistic description of the chemical 
dynamics will need to go beyond low di- 
mensionality. Calculations including all 
nine vibrational degrees of freedom of the 
incident molecule are now starting to be- 
come feasible (9, 28), and our experimental 
results provide stringent tests for such cal- 
culations as well as reassurance that efforts 
in this direction are warranted. 
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Identification of a Plant Nitric 
Oxide Synthase Gene Involved in 
Hormonal Signaling 

Fang-Qing Guo, Mamoru Okamoto, Nigel M. Crawford* 

Nitric oxide (NO) serves as a signal in plants. An Arabidopsis mutant (Atnosl) 
was identified that had impaired NO production, organ growth, and abscisic 
acid-induced stomatal movements. Expression of AtNOSI with a viral promoter 
in Atnosl mutant plants resulted in overproduction of NO. Purified AtNOSI 
protein used the substrates arginine and nicotinamide adenine dinucleotide 
phosphate and was activated by Ca 2+ and calmodulin-like mammalian endo- 
thelial nitric oxide synthase and neuronal nitric oxide synthase, yet it is a 
distinct enzyme with no sequence similarities to any mammalian isoform. Thus, 
AtNOSI encodes a distinct nitric oxide synthase that regulates growth and 
hormonal signaling in plants. 



Nitric oxide (NO) functions as a signal and a 
cytotoxic agent in many physiological and 
immunological processes in animals (1-3) 
and is synthesized by nitric oxide synthase 
(NOS) (2, 4-6). There are three known iso- 
forms of NOS [neuronal (nNOS), inducible 
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(iNOS), and endothelial (eNOS)], and each 
contains a heme-oxygenase and a flavin re- 
ductase domain. Related NOS genes have 
been described in many eukaryotic species 
from vertebrates to fungi (6, 7). Bacteria also 
encode NOS proteins that are smaller, con- 
taining only the oxygenase domain, which is 
similar in sequence and biochemical activity 
to the mammalian NOS oxygenase (8-10). 

In plants, NO serves as a signal in hor- 
monal and defense responses (J, 7, 11-14). 
The source of NO synthesis in plants has 
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